The genus Thermotoga comprises chemoheterotrophs that are strictly anaerobic, non-spore-forming and thermophilic and have a characteristic outer sheath-like structure called a 'toga'. These characteristics are common to most genera in the family Thermotogaceae, although some species grow under moderately thermophilic or mesophilic conditions (Ben Hania et al., 2013; Nesbø et al., 2012; Reysenbach et al., 2013) . The first described species of this genus was Thermotoga maritima, which was isolated from geothermally heated marine sediments (Huber et al., 1986) , and eight more species have so far been described: Thermotoga elfii, T. hypogea, T. lettingae, T. naphthophila, T. neapolitana, T. petrophila, T. subterranea and T. thermarum (Balk et al., 2002; Fardeau et al., 1997; Jannasch et al., 1988; Jeanthon et al., 1995; Ravot et al., 1995; Takahata et al., 2001; Windberger et al., 1989) . In addition to marine thermal environments, members of the genus Thermotoga have been isolated from oil reservoirs and terrestrial hot springs.
Genetic analysis of bacteria within this genus has also been actively pursued, and has been the focus of many evolutionary studies. Sequencing and analysis of the complete genome of T. maritima MSB8 T was carried out by Nelson et al. (1999) and, since then, the genomes of six type strains have been published (Zhaxybayeva et al., 2009) . Analysis of these sequences has identified genomic features unique to the genus and has provided information on phylogenetic taxonomy, lateral gene transfer and adaptation to high temperature environments (Latif et al., 2013; Mongodin et al., 2005; Nelson et al., 1999; Nesbø et al., 2006; Zhaxybayeva et al., 2009) , making bacteria of this genus good candidates for evolutionary studies based on genome analysis.
Recently, two novel thermophilic anaerobic bacteria, designated strains AZM34c06
T and AZM44c09 T , were isolated from hot springs in Japan. Phenotypic data and phylogenetic analyses based on genome sequences presented in this study indicate that these isolates represent novel species of the genus Thermotoga.
The strains were isolated from water samples collected from two hot springs in Nagano Prefecture, Japan: one from the bottom of a 1000 m deep well drilled in the Hakuba-Himekawa hot springs, and the other from a crack in a concrete wall in the Nakabusa hot springs (Otaki et al., 2012) . The temperature, pH and oxidation-reduction potential of water from the Hakuba-Himekawa hot springs and the Nakabusa hot springs were 48 u C, pH 7.5 and 2159 mV and 68 u C, pH 8.5 and 2247 mV, respectively. For enrichment and isolation, culture was carried out using a liquid AP13 basal medium (Mori et al., 2012) supplemented with (l 21 ) 1 g Bacto yeast extract (Difco), 1.6 g Na 2 S 2 O 3 , 0.35 g Na 2 S . 9H 2 O and 0.35 g cysteine hydrochloride under a N 2 /CO 2 (80 : 20, v/v) atmosphere. For primary enrichment of bacteria, 1 ml hot-spring water was inoculated into 20 ml medium, and incubation was performed at a temperature close to that of the springs from which the samples were taken (50 u C for the HakubaHimekawa hot-spring sample and 70 u C for the Nakabusa hot-spring sample). After 3-5 days of incubation, bacterial growth was confirmed by microscopy and the enrichments were successfully inoculated into fresh medium. For single strain isolation, colonies were allowed to form on medium solidified with 0.6 % (w/v) gellan gum and 0.1 % (w/v) MgCl 2 . 6H 2 O. After a second purification step with the same solid medium, pure cultures of strains AZM34c06 T and AZ44c09
T were obtained from the Hakuba-Himekawa and Nakabusa hot-spring samples, respectively.
Cells of strain AZM34c06
T were Gram-negative rods (0.4 mm wide and 0.8-2.1 mm long) with a small sheathlike structure and one to three flagella per cell (Fig. 1a, c) . Spore formation was not observed. Strain AZM34c06
T was a strictly anaerobic bacterium and was unable to grow under aerobic conditions. It required yeast extract for growth, which could not be replaced by a vitamin mixture. In the presence of 1 g yeast extract l
21
, the following substrates (at 10 mM unless indicated) stimulated growth of strain AZM34c06 T was able to use 20 mM thiosulfate and 2 % (w/v) elemental sulfur as electron acceptors, but not sulfate (10 mM), sulfite (5 mM) or nitrate (10 mM). Compared with that obtained with fermentation alone, the growth yield increased clearly following the addition of thiosulfate or elemental sulfur. Syntrophic cultivation with hydrogen using the methanogen Methanothermobacter thermautotrophicus NBRC 100330 T at 65 u C also stimulated growth in the absence of electron acceptors (Balk et al., 2002; Hattori, 2008) .
Cells of strain AZM44c09
T were Gram-negative rods (0.5 mm wide and 1.2-3.5 mm long) with a sheath-like structure and a flagellum (Fig. 1b, d T was able to use 20 mM thiosulfate, with which the growth yield was increased. It was not able to use elemental sulfur (2 %, w/v), sulfate (10 mM), sulfite (5 mM) or nitrate (10 mM) as electron acceptors. Growth was inhibited strongly by the addition of elemental sulfur. Syntrophic cultivation with M. thermautotrophicus NBRC 100330
T at 65 u C stimulated growth in the absence of electron acceptors. 
Two novel species of the genus Thermotoga
The optimum temperature, pH and NaCl concentration ranges for growth with 10 mM thiosulfate and 10 mM glucose as electron acceptor and donor, respectively, were determined by examining the time-course of OD 600 . The results are shown in Fig. S1 (available in the online Supplementary Material). Strain AZM34c06 T grew at 50-72 u C, with the optimum temperature being 60 u C. The initial pH range for growth was 6.0-8.6, with an optimum at pH 7.4. The strain grew optimally in a medium lacking additional NaCl, and growth did not occur above 1.5 % (w/ v) additional NaCl. The specific growth rate and doubling time under optimum growth conditions were 0.11 h 21 and 6.2 h, respectively. Strain AZM44c09
T grew at 55-85 u C, with the optimum temperature being 70 u C. The initial pH range for growth was 6.0-8.6, with an optimum at pH 7.4. Optimal growth was achieved in a medium not supplemented with additional NaCl, and growth did not occur above 1.5 % (w/v) additional NaCl. The specific growth rate and doubling time under optimum growth conditions were 0.09 h 21 and 7.7 h, respectively.
Cellular fatty acids were methylated using a 5 % HCl/ methanol solution (Sasser, 1990) and then analysed by GC-MS (gas chromatograph model GC-2010; gas chromatograph mass spectrometer model GCMS-QP2010Plus; Shimadzu). Cells in the late exponential growth phase were harvested and used for analysis. Cells of strain AZM34c06 T grown at 60 u C in a medium supplemented with Bacto yeast extract, thiosulfate and glucose contained C 16 : 0 (52.6 % of the total fatty acids) and C 14 : 0 (33.3 %) as the major fatty acids and C 18 : 0 (4.2 %), C 12 : 0 (2.3 %), C 15 : 0 (2.2 %) and C 16 : 0 3-OH (1.3 %) as minor fatty acids. Cells of strain AZM44c09 T grown at 70 u C in medium supplemented with Bacto yeast extract, thiosulfate and glucose contained C 16 : 0 (62.8 %) as the major fatty acid and C 14 : 0 (11.0 %), C 18 : 0 (7.4 %), C 17 : 0 (6.0 %), C 15 : 0 (6.0 %) and C 16 : 0 3-OH (2.5 %) as minor fatty acids (Tables 1 and 2 T were also analysed using the same procedure; the results are shown in Tables 1 and  2 . These strains mainly contain saturated fatty acids such as C 14 : 0 , C 16 : 0 and C 18 : 0 , and unsaturated fatty acids (C 17 : 1 v11c and C 18 : 1 v12c) were also detected in relatively large amounts. Unusual long-chain dicarboxylic fatty acids have been reported from T. maritima (Carballeira et al., 1997; De Rosa et al., 1988; Huber et al., 1986 ), but were not detected under our cultivation and analytical conditions.
Complete genome sequences of strains AZM34c06
T and AZM44c09
T were determined as follows. Genomic DNA was extracted using the EZ1 Tissue kit according to the manufacturer's instructions (Qiagen). Whole-genome shotgun sequencing was performed using the 454 GS FLXTitanium system (Roche Diagnostics) and HiSEQ1000 (Illumina). The reads were assembled using the GS De novo assembler version 2.6 (Roche). After draft genome sequences were obtained, gaps between the assembled sequences were closed by primer walking on the gap-spanning PCR products from genomic DNA. The genomes of each strain were submitted to RAST (http://rast.nmpdr.org/) for automatic annotation. Because preliminary analysis of the 16S rRNA gene sequences suggested strongly that strains AZM34c06 T and AZM44c09
T belonged to the genus Thermotoga, the genome sequences of T. elfii NBRC 107921 T and T. hypogea NBRC 106472 T , which were not available before, were also determined using the same procedures.
The sizes, DNA G+C contents and accession numbers of the genomes of the two isolates and type strains of species of the genus Thermotoga (except T. subterranea) are given in Table 1 . The genome sizes of strains AZM34c06
T and AZM44c09 T were 2.19 and 2.01 Mbp, respectively, and the DNA G+C contents of the two strains were 38.8 and 51.3 mol%, respectively.
The phylogenetic positions of strains AZM34c06
T were determined using 16S rRNA gene sequences. One copy of the rRNA operon is present in the genome of each strain. A phylogenetic tree based on the 16S rRNA gene sequence was reconstructed with the neighbourjoining (NJ) method using CLUSTAL W (Saitou & Nei, 1987; Thompson et al., 1997) after alignment using ARB (Ludwig et al., 2004) . The tree revealed that the strains are members of the genus Thermotoga (Fig. 2a) . Strain AZM34c06 T and each type strain. The strain closest to AZM44c09 T was T. hypogea NBRC 106472 T , with a sequence similarity of 98.6 %. Sequence similarities are shown in Table S1 .
In addition to the 16S rRNA gene sequence analysis, a phylogenetic tree based on ribosomal proteins was reconstructed to estimate in detail the taxonomic positions of the strains within the genus Thermotoga. We initially attempted to reconstruct the tree using 34 ribosomal proteins thought to be universally conserved in bacteria (Yutin et al., 2012) ; however, ribosomal protein L7ae could not be found in some strains. Therefore, the phylogenetic analysis was conducted using concatenated deduced amino acid sequences of 33 ribosomal proteins. All the amino acid sequences were identified in all the predicted ORFs of each genome by BLASTP searches in RAST and NCBI (http://www.ncbi.nlm. nih.gov/) using those of T. maritima MSB8 T (GenBank accession no. AE000512) as a reference. Sequences corresponding to each ribosomal protein were concatenated after individual alignment using CLUSTAL W, and 4780 positions were used for tree reconstruction. The NJ analysis was performed using CLUSTAL W, and 1000 replicate datasets were used for bootstrap analysis. Maximum-likelihood analysis was carried out using MOLPHY (Adachi & Hasegawa, 1995) , and the ProtML program based on the JTT model was used (Hasegawa & Kishino, 1994; Jones et al., 1992; Kishino et al., 1990; Mori et al., 2003) . The NJ tree based on ribosomal proteins is shown in Fig. 2(b) , and the sequence similarities *Major fatty acid data were obtained in this study; details are shown in Table 2 . DDNA G+C contents were calculated based on genome sequences except for that of T. subterranea SL1 T , which was determined using the melting-point method (Jeanthon et al., 1995) . Two novel species of the genus Thermotoga are indicated in Table S1 . The topology of the tree determined by maximum-likelihood analysis was similar to that of the tree obtained by the NJ method (not shown). Phylogenetic analysis based on the ribosomal protein sequences strongly supports that based on the 16S rRNA gene sequence. The topologies were remarkably similar, although the resolution of the ribosomal protein tree is higher than that of the 16S rRNA gene tree. The sequence divergence for the 33 concatenated ribosomal proteins of the genus Thermotoga is 28.3 %, whereas that of the 16S rRNA genes is 9.9 %. As with the 16S rRNA gene analysis, phylogenetic analysis based on ribosomal proteins reveals that strain AZM34c06 T is closely related to T. lettingae TMO T (84.1 % sequence similarity) and T. elfii NBRC 107921 T (84.0 %), and strain AZM44c09 T is closely related to T. hypogea NBRC 106472 T (92.7 %).
Average nucleotide identity (ANI) values based on genome sequences are thought to be able to substitute for DNA-DNA hybridization (Goris et al., 2007; Tindall et al., 2010) . Therefore, calculation of ANI according to BLAST (ANIb) was performed using JSpecies under default conditions (Richter & Rosselló -Mó ra, 2009) ; the results are shown in Table 3 . ANIb values for strains within the genus Thermotoga range from 63.3 to 99.3 %. Strain AZM34c06
T is closely affiliated with T. lettingae TMO T and T. elfii NBRC , with an ANIb value of 76.6 %. These values are less than 95 %, corresponding to the recommended cut-off point of 70 % used to determine species delineation by DNA-DNA hybridization (Goris et al., 2007) .
Phylogenetic analysis based on 16S rRNA gene sequences indicates that strain AZM34c06
T is closely related to T. elfii, T. lettingae and T. subterranea, with 96 % sequence similarity to the type strains, and strain AZM44c09
T is closely related to T. hypogea, with 98.6 % sequence similarity to the type strain. The phylogenetic tree reconstructed using deduced ribosomal protein amino acid sequences reveals a similar trend. Strain AZM34c06 T differs from T. elfii, T. lettingae and T. subterranea with regard to the following phenotypic characteristics: optimum growth temperature, NaCl sensitivity and elemental sulfur utilization (Table 1) . On the other hand, the phenotype of strain AZM44c09
T is very similar to that of T. hypogea NBRC 106472 (Fardeau et al., 1997) . In addition to the phenotypic features, the ANIb values strongly suggest that the isolated strains should be considered to represent different species in the genus Thermotoga. Therefore, we propose that the two strains AZM34c06
T and AZM44c09 T be classified within two novel species, for which we propose the names Thermotoga profunda sp. nov. and Thermotoga caldifontis sp. nov., respectively.
Following the addition of the species proposed in this study, there are 11 species in the genus Thermotoga. The sequence divergence of the 16S rRNA gene for the genus Thermotoga as a whole was 9.9 % (Table S1), suggesting relatively high diversity within this genus. However, the species of the genus Thermotoga resemble each other remarkably with respect to phenotypic and chemotaxonomic characteristics: they grow chemoheterotrophically under strictly anaerobic and thermophilic conditions, and show a high content of saturated fatty acids (C 14 : 0 , C 16 : 0 and C 18 : 0 ) ( Table 2 ). Based on a detailed multiparameter analysis (Table 1) , they can be divided into three groups. T. maritima, T. neapolitana, T. naphthophila and T. petrophila grow optimally at 80 u C, their genomes show a DNA G+C content of 46 mol%, and the genomes are smaller than those of the other species; T. hypogea and T. caldifontis sp. nov. grow optimally at 70 u C and the genome size is about 2 Mbp, with a DNA G+C content of about 50 mol%; T. elfii, T. lettingae, T. subterranea, T. thermarum and T. profunda sp. nov. grow optimally at 60-70 u C and the genome size is about 2.1 Mbp, with a relatively low DNA G+C content. The grouping based on phenotypic characteristics is supported by phylogenetic analysis based on the 16S rRNA gene and ribosomal protein sequences (Fig. 2) . Taken together, these observations indicate that a genomic analysis may provide insights into the evolutionary mechanisms required to adapt to high/low temperatures. Detailed analysis of the genomes of members of the genus Thermotoga will be important in this regard.
There is general agreement that the huge amount of information generated by analysis of the whole genome is both important and useful for the systematic taxonomy of prokaryotes. For example, in the present study, although the phenotypes of strain AZM44c09 T and T. hypogea NBRC 106472
T are very similar, aside from their sugar utilization, and their phylogenetic relationships based on 16S rRNA gene and predicted ribosomal protein sequences are relatively close, ANIb values based on the whole genome sequence clearly indicate that they represent different species in the genus Thermotoga. This objective and powerful tool provided definitive evidence to distinguish between the two species, and is a viable substitute for DNA-DNA hybridization. On the other hand, due to the remarkably low ANIb values between distantly related species in the genus Thermotoga (Table 3) , it is difficult to determine phylogenetic relationships among all the species. Therefore, concatenated ribosomal protein amino acid sequences may be useful for demonstrating the relationships between various species of the genus Thermotoga. (Table 3) . These high values may perhaps be attributable to human error, such as errors in DNA-DNA hybridization or an accidental switching of strains during the experiment. Nevertheless, whole-genome sequencing and analysis has great potential to act as an alternative to DNA-DNA hybridization. In addition, our findings suggest that a conclusive method is necessary to define a criterion for species delineation and to manage microbial strains.
Description of Thermotoga profunda sp. nov.
Thermotoga profunda (pro.fun9da. L. fem. adj. profunda from the deep, pertaining to the source of isolation of the type strain).
Cells are Gram-negative rods, 0.4 mm wide and 0.8-2.1 mm long, with one to three flagella. Cells have outer sheath-like structures. Obligately chemoheterotrophic and anaerobic growth is observed, and yeast extract is necessary for growth. In the presence of yeast extract, grows on D-glucose, trehalose, cellobiose, D-arabinose, D-xylose, D-ribose and pyruvate. Uses thiosulfate and elemental sulfur, but not sulfate, sulfite or nitrate, as electron acceptors. In the absence of electron acceptors, syntrophic growth is observed with hydrogen scavengers such as M. thermautotrophicus. The temperature range for growth is 50-72 u C, with optimum growth at 60 u C. The initial pH range for growth is 6.0-8.6, with optimum growth at pH 7.4. Optimum growth occurs in medium without additional NaCl, and growth is inhibited above 1.5 % (w/v) additional NaCl. Major cellular fatty acids are C 16 : 0 and C 14 : 0 , and C 18 : 0 , C 12 : 0 , C 15 : 0 and C 16 : 0 3-OH are also present as minor fatty acids.
The type strain, AZM34c06 T (5NBRC 106115 T 5DSM 23275 T ), was isolated from water from the HakubaHimekawa hot spring, Nagano Prefecture, Japan. The size and G+C content of the genomic DNA are 2.19 Mbp and 38.8 mol%, respectively.
Description of Thermotoga caldifontis sp. nov.
Thermotoga caldifontis (cal.di.fon9tis. L. adj. caldus hot; L. masc. n. fons, fontis a spring; N.L. gen. n. caldifontis of a hot spring, pertaining to the source of isolation of the type strain).
Cells are Gram-negative rods, 0.5 mm wide and 1.2-3.5 mm long, with a flagellum. Cells have outer sheath-like structures. Obligately chemoheterotrophic and anaerobic growth is observed, and yeast extract is necessary for growth. Growth is inhibited by elemental sulfur. In the presence of yeast extract, grows on D-glucose, maltose, trehalose, cellobiose, D-arabinose, D-xylose, D-ribose, pyruvate and starch. Uses thiosulfate but not elemental sulfur, sulfate, sulfite or nitrate as electron acceptors. In the absence of electron acceptors, syntrophic growth is observed with hydrogen scavengers such as M. thermautotrophicus. The temperature range for growth is 55-85 u C, with optimum growth at 70 uC. The initial pH range for growth is 6.0-8.6, with optimum growth at pH 7.4. Optimum growth occurs in medium without additional NaCl, and growth is inhibited above 1.5 % (w/v) additional NaCl. The major cellular fatty acid is C 16 : 0 , and C 14 : 0 , C 18 : 0 , C 17 : 0 , C 15 : 0 and C 16 : 0 3-OH are also present as minor fatty acids.
The type strain, AZM44c09 T (5NBRC 106116 T 5DSM 23272 T ), was isolated from water from the Nakabusa hot spring, Nagano Prefecture, Japan. The size and G+C content of the genomic DNA are 2.01 Mbp and 51.3 mol%, respectively.
